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R
ed clover (Trifolium pratense L.) is a widely grown forage legume that is harvested for hay, grown in pasture for grazing, and sown as a companion crop (Smith et al., 1985; Taylor and Quesenberry, 1996) . Recurrent phenotypic selection has been the dominant form of selection in red clover breeding (Taylor and Quesenberry, 1996) . In Wisconsin, red clover breeding gains have been achieved through increased disease resistance and persistence of red clover, especially during the third post-establishment year (Smith, 2000) . Forage yield genetic gains per year for red clover have been similar to, if not higher than, reported gains seen in alfalfa (Medicago sativa L.), another forage legume with similar breeding methodology (Table 1) . 'Lakeland' (released 1953 ) compared to 'Arlington' (released 1973 (Smith et al., 1973) and 'Marathon' (released 1987) (Smith, 1994) has had much greater genetic gains for third post-establishment year forage yield (Table 1) . Genetic gains for fi rst post-establishment year forage yield have been slower. Compared with maize (Zea mays L.), slow yield gains in perennial forage legumes have been attributed to multiyear selection cycles, lack of progeny testing, and underuse of nonadditive genetic interactions (Brummer, 1999; Woodfi eld and Brummer, 2001 ).
Hybrid Systems
Based on the hybrid maize model (Hallauer and Miranda, 1988) , red clover hybrid systems have been proposed using double-or
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ABSTRACT
Current red clover (Trifolium pratense L.) breeding methods for quantitative traits consist almost entirely of recurrent phenotypic selection. In many species, improved cultivars have been achieved through hybrid breeding methods, especially for highly nonadditive traits. Hybrid methods have previously been studied and developed in red clover; inbreeding depression was a hindrance to the utility of these breeding systems.
In other forage legumes, population hybrids have been proposed as a way to achieve 50% hybrid seed while eliminating problems associated with inbreeding. This study proposes using gametophytic self-incompatibility S-locus in red clover to achieve population hybrids with 75% interpopulation hybrid seed; this would be accomplished by restricting S-alleles to three per population. To test this concept, fi ve S-allele restricted populations were developed. These fi ve restricted populations were randomly mated with a unrestricted population using bumble bees (Bombus impatiens Cresson) in fi ve separate screened enclosures. Halfsib seed was harvested off plants for paternity testing. On average, 75% of the progeny of the fi ve S-allele restricted population plants were hybrids, while 48% of the progeny of the unrestricted population plants were hybrids. Observed hybridity corresponded almost perfectly with expected hybridity. This study demonstrates the feasibility of increasing hybridity by restricting S-alleles within red clover populations.
single-cross hybrids based on inbred line development (Leffel, 1963; Leff el and Muntjan, 1970; Anderson et al., 1972; Taylor and Anderson, 1980) . A major problem in developing such systems has been inbreeding depression (Taylor, 1982) . In red clover an additional hindrance in implementing the hybrid maize model has been gametophytic selfincompatibility (GSI), which requires additional selection or more complicated mating schemes to develop and maintain inbred or pure lines (Townsend and Taylor, 1985) . Such complications among outcrossing perennial forage species has generated interest in creating population hybrid cultivars (Brummer, 1999; Casler et al., 2001 ). Many population hybrid schemes are based on allowing two heterotic populations to freely cross-pollinate to create "hybrid" seed. This seed would not be true hybrid seed since 50% of the seed would be based on interpopulation crosses (i.e., regular synthetic seed) and only 50% would be intrapopulation crosses or true hybrid seed (Brummer, 1999) (Fig. 1a) . For alfalfa, Dairyland Seed Inc., has gone a step further than population hybrids to achieve true hybrids using male sterile populations as the pollen acceptors and seed-producing plants (Velde, 2005) . 'Hyberforce' is a hybrid alfalfa cultivar currently on the market. However, to develop this system, negative interactions between the male sterility system and pollinator preference had to be overcome (Viands et al., 1988) . This experience underscores the importance of considering the pollinators in a small-seeded, legume hybrid production system such as red clover and alfalfa.
Population hybrids in red clover have not been attempted. To implement population hybrids would require at least two heterotic groups. In alfalfa, naturally occurring heterotic patterns have been observed between alfalfa subspecies falcata and subspecies sativa (Riday and Brummer, 2002 , 2003 , 2005 . In maize, the stiff stalk and Lancaster heterotic groups were bred into existence through reciprocal recurrent selection between the two groups (Tracy and Chandler, 2006) . Therefore, even if no natural heterotic groups are found in red clover, heterotic groups could be bred into being as was the case with maize. There are no previous studies to determine heterotic patterns between red clover germplasm sources. Studies of molecular genetic diversity in red clover indicate higher than usual amounts of genetic diversity (Hagen and Hamrick, 1998) . Most of this genetic diversity is found within populations rather than between populations, suggesting large populations with extensive migration between populations (Hagen and Hamrick, 1998; Yu et al., 2001) . These fi ndings indicate that the genetic variation to create heterotic groups is likely present in red clover.
We propose a novel population hybrid system in red clover utilizing this species GSI system to easily create population hybrid cultivars with intrapopulation seed constituting 75% of population cross seed. This proposed new method would eliminate traditional problems associated with inbred lines (inbreeding depression and selfincompatibility [SI] ) and pollinator preference.
Self-Incompatibility
Red clover has a homomorphic GSI system (Fig. 2 ) (Townsend and Taylor, 1985) . Initially it was hypothesized that SI was controlled by a single gene, designated as the S-locus (East and Mangelsdorf, 1925) . Early research in Oenothera organensis Munz and Prunus avium (L.) L. showed that the S-locus had two units, one associated with pollen and the other with the style (Lewis, 1949) . The lack of recombination is explained by selection pressure and possible positioning of the locus near the centromere (Castric and Vekemans, 2004) . Based on molecular and physiological studies of various SI systems throughout the plant kingdom Steinbachs and Holsinger (2002) estimated that SI evolved at least 21 times. They argue that Smith et al., 1987 Smith et al., -1994 Second post-establishment year forage yield Lakeland 14 trials, Arlington, Marathon 0.47 Smith et al., 1987 Smith et al., -1994 Third post-establishment year forage yield Lakeland 5 trials, Arlington, Marathon 0.95 Smith et al., 1987 Smith et al., -1994 3 yr total forage yield Lakeland 5 trials, Arlington, Marathon 0.53 Smith et al., 1987 Smith et al., -1994 Smith et al., 1985 . In addition to modifi er genes, studies in Campanula rapunculoides L. showed that there is phenotypic plasticity that aff ects the level of SI in response to environmental factors (Stephenson et al., 2000) . Environmental conditions also aff ected the PSC expression in red clover (Townsend and Taylor, 1985) . Depending on their strength, such environmental and genetic factors could be detrimental to the practical utility of a breeding scheme using GSI.
Hybrid System by Restricting SI Alleles
We propose a simple and straightforward method to produce hybrid cultivars in red clover that requires no inbred strong selection pressure exists to evolve some form of SI to prevent inbreeding. Self-incompatibility systems have been characterized at the molecular level in Papaveraceae, Brassicacea, Poacea, Rosacea, Scrophulariacea, and Solanaceae. Brassicacea, Poacea, and Papaveraceae each have unique homomorphic SI systems. The Rosacea, Scrophulariacea, and Solanaceae possess a similar S-RNasemediated SI system in which glycoproteins with RNase activity degrade the pollen tube. Phylogenetic analyses of gene sequences suggest a common ancestry in all eudicots (Rosacea and Scrophulariacea included) for the S-RNase-mediated system (Allen and Hiscock, 2008) . The S-RNase pistil-specifi c genes have been cloned in various species and more recently the pollen-specifi c S-locus F-box has been determined (McClure, 2004; Zhang and Xue, 2008) . These two genes are so tightly linked that no recombination has been observed between them. In Prunus the two genes were found within 30 kb of each other (Kao and Tsukamoto, 2004) .
In the red clover GSI system, pollen tube growth is arrested in the style if the pollen grain haplotype contains either of the S alleles in the pistil genotype (Silow, 1931) . Red clover appears to have a very eff ective GSI system; in one study, only 22 of 392 self-pollinated plants produced seed (Williams and Silow, 1933) . Among the 22 self-compatible plants, only a combined 55 seeds were produced. Diversity of S-alleles in red clover is unusually great. In two tested red clover populations, 41 out of 48 and 37 out of 40 S-alleles tested were unique in each population, respectively (Williams and Williams, 1947) . Lawrence (1996 Lawrence ( , 2000 used data from Williams and Williams (1947) to estimate that there would be between 143 and 193 unique alleles per population, respectively. Such high numbers of alleles per population are an apparent anomaly for species studied outside of the Trifolium genus (Lawrence, 2000) . According to evolution and selection theory, plant species should have approximately 40 or fewer alleles per population (Wright, 1939; Lawrence, 2000; Castric and Vekemans, 2004) . Observations and simulation from plant species studied indicate that S-locus genes have a very low mutation rate (μ ≈ 10 -6 to 10 -7 ) (Lewis, 1949; Vekemans and Slatkin, 1994) . Despite the low mutation rate, strong negative frequencydependent selection for pollination success (i.e., rare pollen S-allele types are less likely to be rejected by the pistil) drives new mutations to become less rare and therefore less likely to be lost via genetic drift (Wright, 1939) .
In addition to the two genes in the S-gene complex, other modifying genes have been found; these usually allow for some degree of self-compatibility (Kao and Tsukamoto, 2004) . In red clover one such example is pseudoself-compatibility (PSC), which is inherited independent of S-locus (Leff el, 1963; Brandon and Leff el, 1968) . The PSC gene was used as the basis of an attempted hybrid breeding system in red clover (Townsend and Taylor, Figure 1 . (A) Standard semihybrid system, with 50% of seed generated from within population crosses and 50% of seed generated from between population crosses (Brummer, 1999) . (B) The minimum number of S-alleles required to maintain reproduction in a random mating population is three S-alleles. (C) Populations hybrids made between two populations restricted to a different set of three S-alleles each would be expected to produce 75% between population seed (i.e., hybrid seed) and 25% within population seed. (D) Crossing a three S-allele restricted population to an S-allele unrestricted population results in an expectation of 75% hybrid seed off 3-S-allele restricted individuals and 50% hybrid seed off S-allele unrestricted individuals.
lines and no male sterility mechanisms. Our method modifi es the population hybrid method proposed by Brummer (1999) (Fig. 1a) . The diff erence in our method is incorporating red clover GIS. In our system, an equal amount of seed from each parent population is planted and allowed to intermate. By restricting each population to three S-alleles, we would expect 75% intrapopulation seed (hybrid seed) and 25% interpopulation seed.
The minimum number of unique S-alleles required to maintain a population is three (e.g., S 1 , S 2 , and S 3 ) (Fig. 1b) . With three S-alleles per population, three style genotypes are possible (i.e., S 1 S 2 , S 1 S 3 , and S 2 S 3 ). Each pollen haplotype will be able to pollinate only one possible pistil genotype (i.e., S 1 → S 2 S 3 , S 2 → S 1 S 3 , and S 3 → S 1 S 2 ). Having a second population with three unique S-alleles (e.g., S 4 , S 5 , and S 6 ) facilitates this novel hybrid system. Each pollen haplotype will only be able to fertilize one in three genotypes within its respective population and, additionally, be able to pollinate all genotypes in the other population (i.e., S 1 → [S 2 S 3 ] and [S 4 S 5 , S 4 S 6 , and S 5 S 6 ], S 2 → [S 1 S 3 ] and [S 4 S 5 , S 4 S 6 , and S 5 S 6 ],..., and S 6 → [S 4 S 5 ] and [S 1 S 2 , S 1 S 3 , and S 2 S 3 ]) (Fig.  1c) . Using this method, 75% of the seed should be hybrid (intrapopulation seed) and 25% of the seed should be standard synthetic seed (interpopulation seed).
In small-seeded forage legumes, seed production to produce commercial levels of seed usually requires going through multiple seed increase generations. A breeder's plant selections are pollinated to produce the initial seed increase, syn 1 or breeder seed, which in turn is increased to produce the syn 2 or foundation seed. The foundation or syn 2 seed is increased to produce the syn 3 or certifi ed seed, which is then sold to producers (Hill, 1987; Taylor, 1987) . It is this seed production method that has confounded many hybrid production schemes in small-seeded legumes, with synthetics usually losing heterosis through progressive seed increase generations (Brummer, 1999) . In our proposed scheme, the two heterotic populations can be increased separately through the syn 2 seed generation and blended in the syn 3 production fi eld to create hybrid seed sold to red clover growers.
Without molecular markers, developing red clover populations with only three S-alleles would be tedious. Starting with two genotypes with four unique S-alleles between the two (e.g., S 1 S 2 and S 3 S 4 ) would require a single cross between the two genotypes, followed by choosing one of the progeny (e.g., S 1 S 3 ) (Fig. 3) . The chosen progeny would be reciprocally backcrossed to one of the original parents (i.e., S 1 S 3 × S 3 S 4 and S 3 S 4 × S 1 S 3 ) and bulk progeny from these crosses would form a 3-S-allele population. It is readily apparent from this crossing scheme that the population would be extremely narrow and inbred (i.e., 1.5 parent synthetic). To expand these genetically narrow 3-S-allele populations by introgressing outside genotypes while retaining only 3-S-alleles within populations would necessitate a similar backcrossing scheme required to form the original 3-S-allele populations. The outside genotype would be crossed with a genotype from within the population (e.g., S 1 S 2 and S 3 S 4 ). Progeny from this cross would contain 50% genetic material from outside the 3-S-allele population. Progeny from the initial cross would be backcrossed to the within 3-S-allele population parent with the within 3-S-allele population parent being the pollen donor (i.e., S 3 or S 4 → S 1 S 3 , S 1 S 4 , S 2 S 3 , and S 2 S 4 ) to form BC1 seed. Progeny from this cross would contain 25% genetic material from outside the 3-S-allele population. These progeny would be backcrossed one last time to the 3-S-allele parent population to form BC2 seed. BC1 genotypes that produce seed from the BC2 cross would be discarded (i.e., S 1 S 4 ), while BC1 genotypes that produced no BC2 seed would be kept, since these BC1 (i.e., S 3 S 4 ) genotypes have the restricted allele set desired.
Using the just-described process in breeding would not only be time consuming, but would increase inbreeding. Having molecular markers for the S-locus or markers tightly To create a three S-allele restricted population two genotypes are crossed (e.g., S 1 S 2 × S 3 S 4 ). Out of four possible progeny genotypes (i.e., S 1 S 3 , S 1 S 4 , S 2 S 3 , and S 2 S 4 ) one is chosen at random (e.g., S 1 S 3 ) and reciprocal crosses with one of the parental genotypes are made (i.e., S 1 S 3 × S 3 S 4 and S 3 S 4 × S 1 S 3 ). Bulk seed of the reciprocal crosses is intermated to form a 3-S-allele population. linked thereto would greatly reduce the labor required to restrict any red clover population to have only 3-S-alleles. In two separate mapping populations we have identifi ed molecular markers approximately 2 cM from the S-locus. This information allows us to visualize with some confi dence a plant's S-allele confi guration (unpublished data, 2009).
Our use of the GSI system assumes that the S-allele function is stable. Although the S-locus has a low mutation rate, there is evidence of possible S-allele changes in observed populations; however, most of these cases involved the generation of self-fertile phenotypes (Pandey, 1956; Denward, 1963a Denward, , 1963b Anderson et al., 1974; Taylor 1982) . We hypothesize that self pollen would be outcompeted by cross pollen, as has been observed in alfalfa crosses, leading to a much higher incidence of outcrossing (Viands et al., 1988) . In our system, there is no obvious selection pressure for self-compatibility. If, however, a new S-allele was accidentally introduced into the population through contamination or mutation, selection would quickly increase its frequency (Wright, 1939) . Periodically using molecular markers to monitor S-alleles in breeding populations would control any of these problems.
Proof of Concept Study
To test our system we initiated a project to generate 3-S-allele restricted populations. By pairing a restricted population with an S-allele unrestricted red clover population in the crossing block, we generated a trial allowing us to compare a standard semihybrid system (Brummer, 1999) with its expectation of 50% interpopulation seed to our novel system with its expectation of 75% interpopulation seed (Fig. 1d) . To determine how robust our system would be, we created crossing conditions using insect pollinators somewhat similar to a seed production fi eld.
MATERIALS AND METHODS
Plant Material and Crossing Blocks
Five, 3-S-allele restricted populations were created using backcrossing. These fi ve populations were derived from experimental population C584, a population derived from the U.S. Dairy Forage Research Center (USDA-ARS) red clover breeding population stocks. For all fi ve populations (designated G41, G42, G48, G53, and G56), BC1Syn1 seed was produced with pedigree information monitored. For three (G48, G53, and G56) of the fi ve populations, BC1Syn2 seed was produced, again with maternal identity monitored.
In January 2007, seed of populations G41, G42, G48, G53, G56, and cultivar Duration (CalWest Seed, Woodland, CA) were planted in plug trays in the U. created, transplanted in a checker-board pattern with nine Duration plants. The 18 plants per crossing block were planted in a three plant by six plant grid with each plant spaced 60 cm apart. In May, after an initial period of growth, a 360-cm-long by 180-cm-wide by 180-cm-high, 2-cm diameter galvanized steel pipe frame was constructed around each of the fi ve crossing blocks. Within each frame area, the ground was mulched with approximately 2.5 cm of wood mulch and individual plants were staked up using 120-cm bamboo stakes.
Pollination and Seed Cleaning
Each framed crossing block was covered with a 1.7 by 1.3 mm mesh plastic screen (Hummert Int., Springfi eld, MO) with the bottom of the screen secured to the ground with metal stakes and sealed with a 5-to 10-cm layer of fi eld soil to create a crossing "cage." Upon sealing the cage, a generous handful of live ladybugs (Hippodamia convergens Guérin-Méneville) (LadiesInRed, Redmond, OR) was added to each cage to control insect pests. At the appearance of the fi rst few open fl ower heads, disposable class C bumblebee (Bombus impatiens Cresson) hives (~50 bees) with self-contained supplemental liquid feed (Koppert Biological Systems Inc., Romulus, MI) placed on a plastic stand 15 cm above the ground were added to each cage at one end of each three by six plant grid. Bees were sealed in the cages from June to August.
In mid-August, cages were opened and plants were individually harvested from all fi ve cages. Unthreshed plants were dried in a forced air dryer at ambient temperatures. Each plant was individually threshed by running the whole plant three times through a drum-thresher-scarifi er (custom built machine, Madison, WI). Chaff from each sample was removed by fi rst sieving the seed (Seedsburo Equipment Co., Des Plaines, IL) followed by blowing the remaining chaff off in an air column separator (E.L. Erickson Products, Brookings, SD).
DNA Extraction
Parental plant tissue was collected from plants transplanted to the fi eld crossing blocks. A fresh trifoliate leaf (0.1-0.2 g) from each parent was placed in a 2-mL microcentrifuge tube and ground by hand pestle under liquid nitrogen. Total DNA was obtained by the method of Štorchová et al. (2000) and quantifi ed by fl uorometry. Resultant DNA solutions were normalized to 5 ng μL −1 for subsequent polymerase chain reaction (PCR) amplifi cation of microsatellite loci.
Between 5 and 25 seeds harvested from each parent were germinated in 2.2-mL 96-well plates containing 0.5 mL of Phytoblend (Caisson Laboratories, North Logan, UT) for 3 d in the dark followed by 3 d in the light. Cotyledons were harvested from each sprout and placed in separate wells of a 0.2-mL 96-well PCR plate (Fisher Scientifi c, Pittsburgh, PA) containing approximately 50 mg of silicon carbide sharp particles (BioSpec Products Inc, Barlesville, OK). Total DNA was extracted using a modifi cation of the method of Hill-Ambroz et al. (2002) . Briefl y, tissue was disrupted by grinding three times at 28 Hz for 30 s in a Mixer Mill MM 301 (Retsch Inc., Newtown, PA) following addition of 40 μL 0.25 M NaOH. Samples were heated to 95°C for 10 min on a DNA Engine Dyad (Bio-Rad Laboratories Inc., Hercules, CA). To each well, 130 μL of 0.1 M Tris-HCl, pH 8.0, was added and plates were centrifuged for 10 min at 1300 g. A 150-μL aliquot of supernatant was removed to a clean 96-well PCR plate and combined with 15 μL of 3 M NaOAc, pH 5.2, and 120 μL of 100% isopropanol. Plates were centrifuged for 1 h at 1300 g to precipitate DNA. DNA pellets were washed with 100 μL of 70% ethanol and centrifuged for 10 min at 1300 g. 
Microsatellite Amplifi cation and Analysis
Twelve primer pairs developed by Sato et al. (2005) were used to identify microsatellite alleles present in parental and progeny tissues. Forward primers were synthesized (Eurofi ns MWG Operon, Huntsville, AL) to include 5' fl uorescent dyes for loci RCS1812 (6-FAM), RCS3673 (TAMRA), RCS5476 (6-FAM), RCS5305 (TAMRA), RCS1526 (6-FAM), RCS3858 (TAMRA), RCS1454 (HEX), RCS4854 (HEX), RCS3085 (6-FAM), RCS6710 (HEX), RCS2000 (6-FAM), and RCS0810 (TAMRA). Polymerase chain reaction amplifi cations contained between one and six primer pairs and were performed in 6-μL reaction volumes. The PCR reagent concentrations were 1× JumpStart REDTaq ReadyMix (Sigma-Aldrich, St. Louis, MO), 0.2 μM each primer, 1 M betaine (Sigma-Aldrich), and 5 ng of template DNA. Thermal cycling was performed on a DNA Engine Dyad (Bio-Rad) as follows: 95°C for 2 min, 35 cycles of 95°C for 20 s, 50°C for 90 s, 72°C for 1 min, and a fi nal incubation at 72°C for 5 min. Fragment sizes were determined on an ABI Prism 3130xl Genetic Analyzer (Applied Biosystems Inc., Foster City, CA). The software program GeneMarker (SoftGenetics LLC, State College, PA) was used to interpret the electropherograms and assign alleles to experimental data.
Data Analysis
A modifi ed paternity exclusion analysis (Hayasaka et al., 1986 ) on a population level (i.e., parental population exclusion analysis) was used to determine if individual progeny were the result of a within parental population cross or an interpopulation (i.e., hybrid) cross. Briefl y, for each cage, alleles unique to the Duration or 3-S-allele restricted populations were determined. Progeny were scored as "within-population-crosses" if they had at least one unique within-population-allele not present in the mother. Progeny were scored as hybrids if they contained at least one unique allele contained only in the other population. Scoring was performed in an Excel spreadsheet (Microsoft Co., Redmond, WA). Scores for each progeny were valued as hybrid = 100% hybrid and within-population = 0% hybrid. Hybridity percentages for each progeny were analyzed using PROC MIXED with progeny (672) treated as a random eff ect, nested within parental plants, parental population type, and cage; parental plants (90) treated as a random eff ect, nested within parental population type and cage; parental population type (3-S-allele-restricted or S-allele unrestricted) treated as a fi xed eff ect; and cage (G41, G42, G48, G53, G56) treated as a fi xed eff ect. A Satterthwaite degrees of freedom adjustment was used during calculations.
RESULTS
Seed production proceeded normally for the Wisconsin climate and seed yields were good (Table 2) . No diff erences were observed between 3-S-allele restricted populations and the unrestricted control for seed yields on an experiment-wide basis or on an individual crossing cage basis. We conclude that restricting S-alleles to three within populations has no adverse eff ect on seed yield. Signifi cant diff erences between cages were observed for average cage seed yields (LSD 0.05 = 3.9 g plant -1 ), with cage G53 having the lowest yield and G48 having the highest. Diff erences between cages are likely due to micro-environmental eff ects confounded with cage-specifi c genetic eff ects, which we would expect to be small due to the similar genetics used in each cage. We particularly suspect diff erences in weed pressure caused cage seed yield diff erences; once cages are sealed, it is impractical to do any type of weed control.
DNA was successfully extracted from parental plants and progeny. Microsatellite primer pairs derived from Sato et al. of progeny tested, seed yield, and hybrid seed (i.e., interpopulation progeny) of population crosses conducted during the 2007 growing season at Prairie du Sac, WI, between fi ve (G41, G42, G48, G53, G56) 3-S-allele restricted populations (3SA) and an S-allele unrestricted population Duration (Dur). (Table 3) . It was easy to fi nd unique alleles specifi c to the Duration control population; however, it was more challenging to fi nd unique alleles in the S-allele restricted populations because these were essentially 1.5 parent synthetics. For the restricted populations, 4 to 8 unique alleles were scored for each cage, and 23 to 39 unique alleles per cage were scored for the unrestricted control population.
On an experiment-wide basis, observed percent hybrid progeny within the two types of populations were equivalent to expectation (Table 3) . 3-S-allele restricted populations produced 75.3% hybrid progeny, while the S-allele unrestricted population Duration produced 48.1% hybrid progeny. Among pollination cages, hybrid progeny percentages ranged from 68.4% for G41 to 84.4% for G48 for 3-S-allele restricted populations and from 39.2% for G42 to 60.5% for G53 for S-allele unrestricted populations. No deviations from expectations were observed among any of the cages except G53, for which the percent hybrid progeny exceeded the 50% expectation for the S-allele unrestricted population.
DISCUSSION
This proof of concept study off ers strong evidence that restricting S-alleles in populations is one avenue of increasing hybrid seed in population crosses. Restricting S-alleles in a population had no apparent eff ect on seed yield. We also did not observe a pollinator preference eff ect for either population. Flowering synchronization between the two types of populations within cages was not a problem for the germplasm pool used in this study.
With DNA markers closely linked to the S-locus, the proposed hybridization scheme could be relatively easily implemented in a breeding program. The next step would be to test for population-level heterosis. Even if this scheme is not used to capture heterosis, it could be used to accelerate quantitative trait introgression from unadapted to elite red clover populations. Many traits are highly quantitative; often such traits are selected from unadapted germplasm. Crossing unadapted germplasm to 3-S-allele restricted elite adapted populations would allow large population crosses to be conducted resulting in 75% interpopulation seed in large quantities. Such a scheme would be better than a regular population cross in which 50% of the individuals would not contain the quantitative trait to be introgressed. This would allow increased seed amounts and genetic breadth to enter each side of the cross, especially when compared to hand crossing unadapted to adapted germplasm in which seed production would be resource intensive and likely lead to less genetic breadth entering each side of the population hybrid cross. Although in the latter case, 100% of seed would be interpopulation cross progeny.
The hybridization scheme presented in this paper could be utilized in other species depending on the nature of the SI system present and likely related ploidy confi guration. In our case, red clover serves as an ideal model to explore the SI system, due to its diploid nature, strong SI, and moderately developed genomic tools. L.) paternal population testing for fi ve pollination cages  (G41, G42, G48, G53, G56) , grown 2007 at Prairie du Sac, WI, with number of population unique alleles present in each cage for the two population types: 3-S-allele restricted populations (3SA) and an S-allele unrestricted population Duration (Dur) As described in Sato et al. (2005) . ‡ Locus was not amplifi ed. § Two loci amplifi ed with RCS3085 primer pairs.
